Transmissible gastroenteritis virus (TGEV) is a porcine coronavirus that causes diarrhea, leading to near 100% mortality in neonatal piglets with corresponding devastating economic consequences. For the protection of neonatal and older animals, oral live vaccines present the attractive property of inducing desired mucosal immune responses, including colostral antibodies in sows-an effective means to passively protect suckling piglets. Newly attenuated Salmonella vaccine constructs expressing TGEV S protein epitopes were studied and evaluated for improved humoral immune response to TGEV. The macrophage-inducible Salmonella ssaH and spiC/ssaB promoters were compared for their ability to express the TGEV C and A epitopes in the context of the heterologous 987P fimbriae on Salmonella vaccines. Compared to the ssaH promoter, the Salmonella cya crp vector elicited significantly higher levels of mucosal and systemic antibodies in orally immunized mice when the chimeric fimbriae were expressed from the spiC promoter. The Salmonella spiC promoter construct induced the highest level of chimeric fimbriae after being taken up by the J774A.1 macrophagelike cells. The Salmonella cya crp vaccine vector was shown to incorporate into 987P partially degraded chimeric subunits lacking the TGEV epitopes. In contrast, its isogenic pgtE mutant produced fimbriae consisting exclusively of intact chimeric subunits. Mice immunized orally with the Salmonella pgtE vaccine expressing chimeric fimbriae from the spiC promoter elicited significantly higher systemic and mucosal antibody titers against the TGEV epitopes compared to the parental vaccine. This study indicates that the Salmonella cya crp pgtE vector and the spiC promoter can be used successfully to improve immune responses toward heterologous antigens.
Live vaccine vehicles offer a powerful approach for inducing protective immunity against pathogenic microorganisms. Genetically engineered and attenuated agents provide a method for delivering heterologous antigens derived from other pathogens. A variety of viruses, bacteria, and protozoans have been utilized successfully as vaccine delivery systems in several experimental models. Among them, attenuated Salmonella is being widely studied as an oral vaccine vehicle to induce mucosal as well as systemic immune responses to heterologous antigens in animals and humans (8, 55) .
After oral ingestion, Salmonella initiates infection in the ileal mucosa by crossing epithelial cells or M cells to reach and enter macrophages and dendritic cells (7, 27, 44) . A third route of infection involving direct uptake by CD18-expressing cells was recently proposed to be mediated by dendritic cells (13, 62) . As a facultative intracellular pathogen, Salmonella has evolved to reside and replicate in dendritic cells (23) and macrophages in the Peyer's patches and other lymphoid tissues of the small intestine, where a local mucosal immune response is triggered. The Salmonella organisms are transported to the mesenteric lymph nodes by mononuclear phagocytes. Further destinations include the liver and spleen, where the Salmonella organisms induce systemic immune responses (62) . A major hallmark of attenuated Salmonella organisms as live vectors is the stimulation of mucosal and systemic (including humoral and cellular) immune responses in animals and humans (34) . The Salmonella vaccine strains developed so far were attenuated either in metabolic pathways (aro, pur), or in regulatory genes that have pleiotropic effects (cya crp, phoP, or phoP c ) (55) . It is crucial that these attenuated Salmonella strains cross the epithelial layers and reach the appropriate local or regional lymphoid cells and tissues for triggering the necessary signals leading to a desired immune response. It is as important that expression of the heterologous antigen is vigorously maintained or activated upon the interaction of a Salmonella vector with antigen-presenting cells (18, 35) . The use of in vivo-regulated promoters is of special interest to prevent undesirable responses, such as tolerance due to premature release of soluble antigens (55) . Such promoters are also helpful to influence the nature of the immune reaction (55) , such as the acquisition of cellular Th1 responses (60) toward the heterologous antigen (4, 5) .
Transmissible gastroenteritis virus (TGEV) is a coronavirus that causes acute diarrhea in piglets, characterized by up to 100% mortality among neonatal pigs (52, 53) . Mortality is lower in older animals, although morbidity is high in TGEVinfected seronegative swine. Maternal antibodies, passed to piglets in colostrum and milk, provide protection against infection. The gut-mammary link of lymphocyte trafficking results in local antibody production in the mammary gland after oral immunization (48) . The TGEV spike (S) protein is the major inducer of TGEV-neutralizing antibodies. The relevant epitopes for neutralization were mapped to the N-terminal domain of S protein, and four antigenic sites (A to D) were identified (11, 26) . Among them, sites C and A are especially attractive, since they not only are the major inducers of neutralizing antibodies but are also linear epitopes that are easily incorporated into carrier molecules to improve their immunogenicity. For example, both purified chimeric CS31 and 987P fimbriae carrying TGEV C and A epitopes have been developed and shown to be immunogenic (12, 45) . As a proteinaceous appendage, the 987P fimbria play a critical role in the pathogenesis of porcine enterotoxigenic E. coli (ETEC) by mediating bacterial attachment to enterocytes, thus ensuring efficient enterotoxin delivery to the host. By inducing antiadhesin antibodies, 987P fimbriae also serve as a major antigen in commercially effective ETEC vaccines (40) . Passive immunization of piglets with antifimbriae antibodies protects them by blocking fimbria-mediated enteroadhesion of ETEC (24, 41, 43) . More recently, we have investigated the immunogenicity of chimeric 987P fimbriae expressed by attenuated live Salmonella vaccine vectors (5). After oral immunization, mice developed mucosal and systemic immune responses to both the fimbriae and the TGEV epitopes. The immune responses were improved by immunizing with Salmonella constructs expressing the chimeric fimbriae from in vivo-inducible promoters (4). However, only anti-TGEV C and not anti-TGEV A antibodies were detected. Because the chimeric fimbriae expressed on the Salmonella vector consisted of a mixture of two 987P major subunits (FasA) of different molecular mass, we suspected that some proteolytic activity on the TGEV epitopes (5) resulted in suboptimal TGEV antigen presentation. This possibility was evaluated here by studying a mutant that did not express the outer membrane protease PgtE. Moreover, the use of the ssaH and spiC promoters of the Salmonella pathogenicity island 2 for directing the expression of chimeric 987P fimbriae and for the induction of 987P-and TGEV-specific immune responses was studied.
MATERIALS AND METHODS
Mice. Six-week-old female BALB/cByJ mice were obtained from the Jackson Laboratory and housed in filter-top cages in an air-conditioned animal facility. Water and food were provided ad libitum. Mice were allowed to adapt for a minimum of 1 week after arrival before being immunized.
Bacterial strains and plasmid constructs. Escherichia coli, Salmonella enterica serovar Typhimurium, and plasmids used in this study are listed in Table 1 . Standard procedures were used to prepare new constructs. The Salmonella pgtE mutant CS14029 was constructed by allelic exchange as follows. First, the DNA sequences flanking pgtE were amplified by PCR using the upper primer 5Ј GGGGTACCAGATTGCAGCCGAGCTTTACTAC and lower primer 5Ј CGA GCTCCAGTCAGGCGGCGCTACACTTAC (the underlined bases represent the KpnI and SalI restriction sites) and cloned into the KpnI and SalI sites of suicide plasmid pDMS197 (15) , thereby resulting in plasmid pCS188. A kanamycin resistance cassette (aphA gene), as a SmaI fragment of pBSL128 (1), was inserted into the blunted BstXI site within the pgtE gene of pCS188 to create plasmid pCS189, and the E. coli strain SM10pir was transformed with pCS189. Second, allelic exchange was performed by conjugative transfer of pCS189 from SM10pir into ATCC 14028, a wild-type strain of S enterica serovar Typhimurium. Single homologous recombination derivatives were screened by growth on minimal medium plates containing tetracycline to select for the Salmonella transconjugants carrying chromosomally inserted pCS189. Subculturing colonies on nutrient agar with 5% sucrose and kanamycin selected for bacteria that had lost plasmid DNA but kept the aphA gene by a second recombination event. The presence of pgtE::aphA on the chromosome of the resultant Salmonella strain, designated CS14029, was confirmed by PCR amplification with the primers used to clone pgtE, as described above. Allelic gene transfer between Salmonella strains was done by generalized transduction with P22HTint. The chimeric fasA gene described in this study was the fasA ⍀(6bp::TGEV-CA) gene construct, where the C and A epitopes of the TGEV S protein were inserted at the sixth base pair of the DNA encoding the processed FasA protein, as described previously (45) and designated here fasA99. The pagC promoter of plasmid pCS173 (pSC101 derivative with asd and the pagC promoter, pagCp expressing chimeric 987P fimbriae with the TGEV C and A epitopes) (4) was removed as a BamHIcontaining fragment, resulting in plasmid pCS187. The DNA sequences containing the ssaH promoter (ssaHp) or the spiC promoter (spiCp) region of Salmonella 4550 were amplified by PCR, using the upper primer 5Ј GGGGATCCTCGT TTTCAGGTATATACCGGATGT and lower primer 5Ј GGGGATCCGATTT CCAGCAGCAACCGTCGAACA, or the upper primer 5Ј GGGGATCCAAT GCTTCCCTCCAGTTGCCTGTT and lower primer 5Ј GGGGATCCAAATG GGAGTTTCTATCAAATTC, respectively (the underlined bases represent the (Fig. 1B) . Correct orientation of the ssaH and spiC promoter regions in the latter plasmids was confirmed by PCR and sequencing. Media and reagents. Wild-type E. coli strain 987 was grown in minimal medium E supplemented with pantothenic acid and glycerol (16) . Strains SE5000, SM10 pir, ATCC 14028, and CS14029 were grown in Luria-Bertani (LB) medium, whereas strains 4550, CS 4551, and CS4552 were grown in LB medium with 50 g of DL-␣, -diaminopimelic acid (DAP; Sigma, St. Louis, Mo.) per ml. When necessary, media were supplemented with the following antibiotics: chloramphenicol (30 g/ml), tetracycline (10 g/ml), or kanamycin (45 g/ml). Culture media were purchased from Difco (Detroit, Mich.). Restriction and modification enzymes were from New England Biolabs, Inc. (Beverly, Mass.). Unless specified otherwise, reagents were purchased from Sigma.
Peptides, fimbriae, and antibodies. The TGEV C and A peptides of the TGEV spike protein, corresponding to amino acid residues 379 to 388 and 521 to 531, respectively, include a cysteine at their carboxy termini (SSFFSYGEIPC and MKRSGYGQPIAC). The cysteine served to cross-link the peptides to keyhole limpet hemocyanin (KLH). The antisera against 987P, TGEV C-KLH, and TGEV A-KLH were obtained by immunizing rabbits, as described previously (45, 49) . Fimbriae expressed on the bacterial surface were prepared by heat extraction (29) . Briefly, bacteria were pelleted by centrifugation, resuspended in 0.5 mM Tris-HCl (pH 7.4)-75 mM NaCl, and treated at 60°C for 30 min. After a subsequent centrifugation cleaning step, ammonium sulfate was added to the supernatant to a 20% final concentration to precipitate the fimbriae overnight on ice. The supernatant was centrifuged at 10,000 ϫ g for 20 min, and the pellets were resuspended in phosphate-buffered saline (PBS; 10 mM NaHPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl [pH 7.5]) or Tris-buffered saline (10 mM Tris-HCl [pH 7.4], 154 mM NaCl). Excess ammonium sulfate was removed by dialysis against PBS.
Phagocytosis assay. The murine macrophagelike cell line J774A.1 (ATCC TIB-67, a kind gift from Howard Goldfine) was maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1.0 mM sodium pyruvate and 10% fetal bovine serum (i.e., DMEM-complete) at 37°C under an atmosphere of 5% CO 2 . To determine the expression of chimeric fimbriae in macrophages, the bacteria were opsonized in 10% fresh mouse serum in PBS for 20 min and added to cell cultures at a multiplicity of infection of 100. Internalization was allowed to proceed for 1 h. Nonphagocytosed bacteria were washed away with PBS. The infected macrophages were cultured in DMEM-complete containing 50 g of gentamicin sulfate per ml for 24 h. The macrophages were washed three times with PBS and lysed with 0.1% Triton X-100 in PBS to release the intracellular bacteria. The bacteria were then collected by centrifugation (4,000 ϫ g, 5 min) and solubilized in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and subjected to SDS-PAGE and Western blotting analysis.
SDS-PAGE and Western blotting. Bacterial pellets, isolated fimbriae, or macrophage lysates were suspended in sample buffer and boiled for 5 min, and the proteins were separated by SDS-PAGE. Western blots were probed with rabbit anti-987P fimbriae, anti-TGEV C peptide, or anti-TGEV A peptide antibody, respectively, by using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence for detection (50) .
N-terminal amino acid sequencing. The chimeric 987P fimbriae were heat extracted from Salmonella 4550/pCS173 grown in LB broth, separated with SDS-PAGE, and transferred onto a Sequiblot polyvinylidene difluoride membrane (Bio-Rad). Protein bands were visualized by reversible staining with Ponceau S. The intact and degraded chimeric FasA bands were excised from the membrane, and N-terminal amino acid sequencing was performed by the phenylthiohydantoin-derivatization procedure in a Beckman LH 2600 gas phase sequencer.
Immunization and sampling. For each immunization, a single colony of Salmonella was grown in LB broth without antibiotics at 37°C on a rotary shaker at 150 rpm overnight. The bacterial cells were gently washed once and resuspended in sterile PBS (10 mM NaHPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl [pH 7.2]) at the concentration of (1 to 5) ϫ 10 11 CFU/ml. Viable counts were performed on all the inocula. Before immunization, the mice were deprived of food and water for 4 h. The mice were administered 200 l of bacterial suspensions orally with feeding needles and fasted for an additional 30 min. Mice were immunized at day 0 and at day 28. To evaluate the effect of a booster immunization on antibody titers, one group of mice was immunized only once, at day 0. During the immunization experiments, blood was collected from tail veins. At the end of the experiments, mice were anesthetized with Metofane (methoxyflurane; Mallinckrodt Veterinary, Inc., Mundelein, Ill.) and exsanguinated by heart punctures. Whole small intestines, from the duodenum to the ileo-cecal junction, were excised, and luminal contents were carefully collected with 3 ml of a cocktail solution of protease inhibitors (Complete; Roche, Indianapolis, Ind.) prepared according to the manufacturer's instructions. Recovered intestinal contents were vortexed vigorously for 5 min. After centrifugation at 13,000 ϫ g for 15 min at 4°C, supernatants were collected and stored at Ϫ70°C.
ELISA. Individual mouse sera were tested for immunoglobulin G (IgG) against 987P fimbriae or TGEV C or A peptides, and individual intestinal contents were tested for secretory IgA (sIgA) by using enzyme-linked immunosorbent assays (ELISA) (5) . Briefly, 96-well ELISA plates (Immulon 4; Dynatech Laboratories, Inc., Chantilly, Va.) were coated with isolated 987P fimbriae (0.2 g in 100 l, 0.1 M carbonate buffer, pH 9.6, per well) overnight at 4°C. TGEV C or A peptide (1.0 g in 100 l 0.1 M carbonate buffer, pH 9.6, per well) were coated onto the plates by using a microwave oven as described previously (65) and were further coated overnight at 4°C. The plates were blocked with 0.5% bovine serum albumin in PBS at 37°C for 2 h, washed four times with PBS, and incubated with serial dilutions of body fluid samples in PBS-0.1% BSA-0.05% Tween 20 for 2 h at 37°C. After the second washing step, plates were incubated with horseradish peroxidase-conjugated anti-mouse IgG or IgA anti- The expression plasmids were all constructed on the backbone of the lowcopy-number plasmid pLG339 (pSC101 derivative) carrying asd for plasmid stabilization and maintenance in Salmonella asd strains. Expression of chimeric 987P fimbriae (fasA99BCDEFG) is driven by the pagC (pCS173), ssaH (pCS191), or spiC promoter (pCS192). The Nterminal amino acid sequence of FasA99 (chimeric FasA) with the TGEV C and A epitopes (in bold and underlined) is shown above the physical map. The cleavage site for the PgtE protease within the TGEV A epitope is indicated by a vertical arrow. Intact (FasA99) and cleaved chimeric FasA (FasA99*) are shown in panel A and represented as lines of different lengths above the sequence in panel B.
bodies at 37°C for 1 h. After the last washing step, bound antibodies were detected by using o-phenylenediamine as the chromogenic substrate analogue and reading the absorbance at 450 nm.
Virus seroneutralization test. TGEV neutralization was determined by using a limiting dilution microassay in 96-well plates (32) . Briefly, 50 l of serial twofold dilutions of antiserum was mixed with an equal volume of virus suspension containing 100 TCID 50 of TGEV Purdue-115 strain (a kind gift from Linda J. Saif). After incubation at 37°C for 1 h, 4 ϫ 10 4 trypsinized swine testis cells (ATCC CRL-1746) in 100 l of DMEM supplemented with 10% fetal bovine serum and 0.1 mM nonessential amino acids were added to the antiserum-virus mixtures. Neutralization titers were determined 48 h later and calculated as the mean of the highest dilution that neutralized 100% of the cytopathic effect (cell rounding, detaching, and death) in duplicate experiments. Positive and negative reference sera were included in each experiment.
Statistical analysis. Groups of log-transformed data were compared by using the unpaired Student's t test (39) . Probability (P) values of less than 0.05 indicated that the groups were significantly different.
RESULTS
Degradation of TGEV epitopes. We previously showed that E. coli strain SE5000 and S. enterica serovar Typhimurium 4550 expressed chimeric fimbriae after being transformed with plasmid constructs harboring chimeric fasA genes with the other fas genes required for 987P biogenesis (4, 5, 45) . It was also observed by SDS-PAGE that the chimeric fimbriae of these strains integrated two forms of FasA subunits of different sizes. It was postulated that these two forms represented intact and partially degraded chimeric FasA. To better characterize the two SDS-PAGE bands, fimbriae were isolated from the surface of Salmonella 4550/pCS173 (pagCp) and analyzed by Western blotting with anti-987P fimbriae, anti-TGEV C, or anti-TGEV A epitope antibodies. Although the lower band was recognized by the anti-987P antibody, it did not react with the anti-TGEV C or the anti-TGEV A epitope antibodies, suggesting that the TGEV epitopes were missing. In contrast, the higher band was recognized by all three antibodies, confirming that this band represented the intact chimeric FasA subunit (Fig. 1A) . This finding supported our previous studies by showing that the chimeric fimbriae expressed by the Salmonella vaccine strain 4550 incorporate both intact and partially degraded FasA subunits, the latter subunits having lost the two TGEV epitopes. To further characterize the intact and partially degraded chimeric FasA subunits, isolated fimbriae from Salmonella 4550/pCS173 (pagCp) were subjected to SDS-PAGE and blotted onto a polyvinylidene difluoride membrane. The two major bands, as located by Ponceau S staining, were cut from the membrane and subjected to N-terminal sequencing. The five first amino acid residues of the top band corresponded to the predicted N-terminal sequence of intact chimeric FasA with the TGEV epitopes (APGPS) (Fig. 1B) . The N-terminal sequence of the bottom band was RSGYG (Fig. 1B) . This sequence corresponded to the C-terminal portion of the TGEV A epitope, indicating that the smaller protein was an N-terminal truncate of chimeric FasA having lost the whole TGEV C epitope and part of the TGEV A epitope.
Expression of intact chimeric FasA on a pgtE mutant of Salmonella. In preliminary studies, we observed that, in contrast to E. coli strain SE5000 and Salmonella strain 4550, which displayed both intact and degraded chimeric major subunits, E. coli strain BL21 expressed essentially intact chimeric FasA (5). This strain does not express the Lon and OmpT proteases. OmpT cleaves proteins at specific sites between consecutive basic residues (10, 58). The protein sequence of the truncated chimeric FasA protein revealed a cleavage site located between a lysine and an arginine residue inside the TGEV A epitope (Fig. 1B) . Thus, OmpT and PgtE, the homologous outer membrane proteases of Salmonella, were the proteases potentially responsible for the truncation of chimeric FasA. To test this possibility, we constructed an isogenic pgtE mutant of the Salmonella vaccine strain 4550 by allelic exchange. The obtained mutant (CS4552) and its parental strain were transformed with three different plasmids for the expression of chimeric fimbriae. The resulting chimeric fimbriae were isolated and analyzed by SDS-PAGE. All the fimbriae produced by strain CS4552 (the pgtE mutant) were shown to consist mainly of intact chimeric FasA, whereas the parental strain 4550 produced both intact and truncated subunits (Fig.  2) . This result confirmed that PgtE was responsible for the partial removal of the N-terminal end of chimeric FasA. Interestingly, the concentration of Mg 2ϩ ions in the medium modulated the relative amount of truncated subunits in the fimbriae (Fig. 2) , consistent with the known regulation of pgtE transcription by the Mg 2ϩ -responsive phoP/Q regulatory system. Also, as expected, fimbriae produced from the phoPindependent promoter ssaH in the phoP mutant strain CS4551 harbored only intact chimeric subunits (Fig. 2) . Thus, the Salmonella pgtE mutant strain might be a better vaccine vector than the parental strain by displaying higher levels of intact viral epitopes on chimeric fimbriae.
In vitro expression of chimeric fimbriae from SPI2 promoters. The immunogenicity of chimeric 987P fimbriae expressed by the Salmonella crp cya vaccine strain 4550 was previously shown to be improved by driving antigen expression from in vivo-inducible promoters, such as the nirB and pagC promoters (4). Since the ssaH and spiC promoters are turned on in Salmonella-containing vacuoles of antigen-presenting cells such as macrophages (6, 9, 59) , the possibility that the specific spatial and temporal antigen display by these promoters is beneficial for the improvement of immune responses was explored. For this purpose, plasmids stabilized with the asd-balanced lethal system were engineered to transcribe the genes for chimeric fimbriae from the ssaH (pDM191) and spiC (pDMS192) promoters. Whether these plasmid constructs contained the sequences necessary to drive the expression of chimeric 987P fimbriae after induction by an appropriate environmental signal was determined in vitro in the context of the Salmonella vaccine strain 4550 and of its isogenic phoP (CS4551) or pgtE (CS4552) mutants. The amounts of fimbriae isolated from the same numbers of bacteria were compared on SDS-polyacrylamide gels. Strains CS4552 and 4550 with pCS173 (pagCp) expressed less fimbriae when MgCl 2 was added to the LB medium (Fig. 2) . LB by itself contains approximately 0.23 mM Mg 2ϩ (Difco, typical analysis sheets); thus, fimbrial expression might be even higher with bacteria grown under the Mg 2ϩ -limiting conditions (10 to 75 M) shown to best signal the induction of PhoP-activated SPI2 genes (9) . As expected, the phoP-dependent pagC promoter was inactive in the phoP mutant strain CS4551. The ssaH promoter seemed less active in the presence of excess Mg 2ϩ for both phoP ϩ strains (4550 and CS4552) (Fig. 2) . However, expression of chimeric FasA by the ssaH promoter was independent of the medium concentration of Mg 2ϩ for the phoP mutant strain CS4551, indicating that Mg 2ϩ modulates the activation state of the ssaH promoter through PhoP and PhoQ. Adding Mg 2ϩ ions to the growth medium had no significant effect on the activity of the spiC promoter (pCS192) in the two phoP ϩ strains (Fig. 2 ). In contrast, the spiC promoter was capable of driving expression of chimeric FasA in the phoP mutant strain only after supplementing the medium with Mg 2ϩ . This surprising result suggested that the spiC promoter in pCS192 is at least partially regulated by Mg 2ϩ through a PhoP-and PhoQ-independent pathway.
Intravacuolar expression of intact chimeric fimbriae from SPI2 promoters. Constructs with the different promoters were compared by analyzing the levels of intact subunits incorporated in chimeric fimbriae expressed on Salmonella contained in the macrophagelike cell line J774A.1. Western blots of expressed fimbriae from LB-grown or intracellular Salmonella 4550 (pgtE ϩ ) probed with the anti-TGEV C antibody showed that, whereas the ssaH promoter in pCS191 was not efficiently induced in the macrophages, the spiC promoter in pCS192 was better at inducing the expression of intact chimeric fimbriae in the intracellular environment (Fig. 3) . Although alternative explanations could involve reduced uptake or intracellular survival of the ssaH construct, both these possibilities would not be desirable for an effective attenuated vaccine designed to express heterologous antigens in an antigen-presenting cell. Similar to the spiC promoter, effective intracellular expression of fimbriae has been observed previously with the pagC promoter construct pCS173 (4) . Comparisons of the levels of chimeric fimbriae expressed from LB-grown or intracellular Salmonella CS4552 (the pgtE mutant) demonstrated that both promoters were effective, the spiC promoter driving slightly more chimeric fimbriae on intracellular Salmonella than the pagC promoter. Better intravacuolar antigen expression from the spiC and pagC promoters in comparison to the ssaH promoter suggested that the former promoters might elicit better immune responses.
Antibody responses against fimbriae with the new in vivoinducible antigen system. The immunogenicity of the chimeric 987P fimbriae expressed by the Salmonella vaccine strains 4550 (pgtE ϩ ) or CS4552 (the pgtE mutant) hosting the newly constructed expression plasmids was evaluated after oral immunization of BALB/c mice. Note that 987P-specific serum IgG was detected in all the mice immunized with both vaccine strains, regardless of which promoter was used for antigen expression (Fig. 4A) . Interestingly, both the systemic 987P-specific IgG and intestinal sIgA titers were significantly higher in the mice immunized with 4550/pCS192 (pgtE ϩ /spiCp) in comparison to those immunized with 4550/pCS191 (pgtE ϩ / ssaHp) (Fig. 4A and B) . This result was consistent with the previous finding that the spiC promoter produced more intravacuolar fimbrial antigen than the ssaH promoter (Fig. 3) . The anti-987P antibody titers were not significantly different between CS4552/pCS192 (pgtE mutant/spiCp) and 4550/pCS192 (pgtE ϩ /spiCp) (Fig. 4A) , consistent with the earlier observation that the total amount of 987P antigen was not reduced by removal of the N-terminal end of chimeric FasA in the pgtE mutant.
Antibody responses against TGEV with the new in vivoinducible antigen system. The pgtE mutant strain CS4552 expressing intact chimeric fimbriae from the spiC promoter induced significantly higher titers of anti-TGEV C epitope ( promoter. Although the mean neutralizing antibody titer for the CS4552/pCS192 (pgtE mutant/spiCp)-vaccinated mice (mean, 4.29) was higher than the mean for the 4550/pCS192 (pgtE ϩ /spiCp)-vaccinated mice (mean, 1.85), the statistical difference was not significant (Fig. 5C) (P ϭ 0.11) .
Booster immunization enhanced the immune responses against fimbriae. Whether booster immunizations with attenuated Salmonella strains are immunosuppressive remains somewhat controversial. To examine how booster immunizations with Salmonella vectors modulate the immune responses against the chimeric fimbriae, groups of mice were immunized either once or twice with strain CS4552 (the pgtE mutant) expressing fimbriae from the pagC or spiC promoter. Mice were given ϳ5 ϫ 10 10 CFU of Salmonella orally at day 0, and mice from the booster group received the same doses again at day 28. Not only was immunosuppression not detected, but the mice immunized twice with CS4552/pCS173 (pgtE mutant/ pagCp) had significantly higher humoral (Fig. 6A) antibody responses against the chimeric fimbriae at day 56 as well as significantly higher levels of fimbriae-specific intestinal sIgA (Fig. 6C) after booster immunizations.
DISCUSSION
We describe a new vaccine vector system specialized for the expression of intact surface-exposed foreign antigens. The Sal- , and TGEV neutralizing antibody responses (C) at the 8th week postimmunization. BALB/c mice were immunized orally with two doses (at a 28-day interval) of 987P-fimbriated S. enterica serovar Typhimurium vaccine strains. Geometric means and standard errors of the means for 9 to 10 mice are shown by a horizontal line with error bars. TGEV C and A epitopespecific antibody titers elicited by CS4552/pCS192 (pgtE mutant/spiCp) were significantly higher than the antibody titers induced by 4550/ pCS192 (pgtE ϩ /spiCp) (**, PϽ 0.01; *, PϽ 0.05).
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on October 15, 2017 by guest http://iai.asm.org/ monella vaccine vector described in this report is based on a pgtE mutation that was observed to abolish the proteolysis of a foreign epitope exposed on the bacterial surface. In our previous work, we found that chimeric 987P fimbriae with TGEV C and A epitopes on the surface of E. coli K-12 or Salmonella vaccine strain 4550 were mainly composed of two proteins of different sizes. In addition to the intact chimeric FasA, a smaller form was present. That the latter form might have resulted from proteolytic activity on chimeric FasA was suggested by its absence in the OmpT and Lon protease mutant BL21 (5). The partially degraded chimeric FasA could be recognized by anti-987P antibody, but not by anti-TGEV C or anti-TGEV A antibodies, indicating that degradation affected the TGEV epitopes. Multimeric epitope expression on the Salmonella vaccine remained suboptimal, since approximately half of the major subunits in the fimbriae lacked the foreign epitopes. To identify the protease(s) responsible for the partial degradation of chimeric FasA, both the intact and partially degraded FasA from the Salmonella vaccine strain 4550 were isolated and their N-terminal sequences were determined. The N-terminal end of the partially degraded FasA indicated that this protein had been cleaved within the TGEV A epitope between a lysine and an arginine residue, corresponding to the known cleavage pattern of OmpT in E. coli (10, 61) . OmpT belongs to a family of outer membrane protease-designated omptins that includes the F plasmid-encoded OmpP of E. coli (20, 28, 36, 58) , Pla of Yersinia pestis (56) , Sop of Shigella flexneri (17) , and PgtE of S. enterica serovar Typhimurium (64) . That PgtE was effectively involved in partially degrading FasA was confirmed by constructing and investigating an isogenic pgtE mutant of the Salmonella cya crp asd vaccine strain. Unlike the parental strain, which produced both intact and degraded chimeric FasA, the pgtE mutant produced fimbriae that consisted almost exclusively of intact chimeric FasA. Moreover, chimeric FasA was not cleaved in the isogenic phoP mutant. This result was expected, since the expression of PgtE is activated by PhoP (21) . The cleavage of chimeric FasA was also reduced in the parental strain under conditions that do not activate PhoP, such as high concentration of Mg 2ϩ . Most importantly, we showed that significant antibody titers against both TGEV epitopes were detectable only when mice were immunized with the pgtE mutant expressing the chimeric fimbriae. This result indicated that the pgtE mutant is an effective vector to display intact heterologous epitopes on its surface for delivery to a mammalian host.
In conjunction with the developed pgtE vaccine, two new potential in vivo-inducible promoters were studied for their use to express heterologous antigens. By investigating some of the various in vivo-inducible promoters that had been used for heterologous antigen expression in attenuated Salmonella strains (4, 5), we found that they could also be used to transcribe whole gene clusters for the expression of fimbriae. In agreement with others, it was observed that the pagC promoter seemed most effective for improving the immunogenicity of heterologous antigens expressed by Salmonella vectors (14, 47) , including chimeric fimbriae (4). To identify additional in vivo-inducible promoters for multiple expression of heterologous antigens in Salmonella, the ssaH and the spiC promoters of SPI2 were studied. Both promoters are known to be activated in the phagocytic vacuoles of macrophages (6, 9, 22, 59) . In comparison to the ssaH promoter, we found that the spiC promoter expressed significantly more chimeric fimbriae on intracellular Salmonella in macrophages. This correlated with a better systemic and mucosal antibody response in mice immunized with Salmonella vectors expressing chimeric fimbriae from the spiC promoter. In contrast to the ssaH promoter, the spiC promoter was found to be as strong as the pagC promoter in inducing immune responses against the chimeric fimbriae.
The pagC promoter is activated at a relatively low concentration of Mg 2ϩ , a condition which is found within Salmonellacontaining vacuoles in macrophages (9, 19) . The PhoP and PhoQ two-component system senses and regulates the cellular FIG. 6 . Effect of a booster immunization on 987P fimbriae-specific antibody responses. BALB/c mice were immunized orally with one dose (solid bars) or two doses (28-day interval, hatched bars) of 987P-fimbriated Salmonella enterica strain CS4552/pCS173 (pgtE mutant/ pagCp) or CS4552/pCS192 (pgtE mutant/spiCp). The columns represent the means of individually measured serum IgG at day 56 (A) and at day 88 (B) and intestinal sIgA at day 88 (C). Error bars represent standard errors of the means for 9 to 10 mice. Only statistically significant differences are marked by asterisks (*, P Ͻ 0.05).
response to Mg 2ϩ (19) . Accordingly, our control construct with the pagC promoter was found to induce no fimbriae in the isogenic phoP mutant of Salmonella strain 4550 (19) . The ssaH promoter was previously shown to be regulated by OmpR and EnvZ through SsrB and SsrA-both protein pairs being two-component regulators-and not by PhoP and PhoQ (33, 59) . In contrast, the activation of the spiC promoter was shown to require SsrB and to be modulated by PhoP (9) . Consistent with a model of differential gene regulation within SPI2, our in vitro data indicated indirectly that the mechanism of regulation of the spiC and ssaH promoters differs. Alternatively, our observed differential regulation of SPI2 promoters might relate to promoter copy number effects, although the copy number of all plasmids used in this study is very low (ϳ4 to 6 copies for pSC101 derivatives). Use of a cya crp mutant strain could not explain our results, since carbon starvation does not activate SPI2 promoters (9) .
As expected, the ssaH and pagC promoters were repressed when the bacteria were grown in media containing high concentrations of Mg 2ϩ ions. Curiously, the SPI2 promoter spiCp was not as clearly repressed in such media. As anticipated, the activity of the ssaH promoter in the isogenic phoP mutant CS4551 was unaffected by Mg 2ϩ . However, induction of the activity of the spiC promoter in the phoP mutant by high concentration of Mg 2ϩ was completely unexpected. One explanation is that the activity of the spiC promoter can be induced through both the PhoP and PhoQ protein pair and/or a second regulator. Hence, in the phoP ϩ strains, the spiC promoter would have been activated by both low and high concentrations of Mg 2ϩ , the former signal inducing through the PhoP and PhoQ system, the latter one activating directly or indirectly through the second regulator. In the phoP mutant, activation could only have occurred through the second regulator. That this regulation was mediated by OmpR and EnvZ is unlikely, since the amounts of Mg 2ϩ used would not significantly affect the osmolarity or the pH of the medium. Moreover, it is unlikely that other known Mg 2ϩ -sensitive sensorresponse regulators used by intravacuolar Salmonella-such as PmrA and PmrB or RcsA and YojN-RcsB-were involved, since these have been reported to be strictly PhoP dependent (42, 57) . Taken together, our results strongly suggest that the ssaH and spiC promoters are not regulated in the same way by certain signals and that new regulatory mechanisms remain to be determined for these promoters.
In addition to the finding that the spiC promoter was an effective promoter for inducing anti-fimbriae antibodies, higher anti-TGEV antibodies were induced in mice immunized with the pgtE mutant CS4552 carrying the pagC or the spiC promoter for antigen expression. The pgtE mutation did not interfere with the induction of antibodies against the 987P antigen; strain 4550 (pgtE ϩ ) or CS4552 (the pgtE mutant) with plasmid pCS192 (spiCp) elicited the same level of antibodies against the fimbriae. Although previous research demonstrated that PgtE contributes to Salmonella resistance to innate immunity (21) , our data indicated that the addition of the pgtE mutation to the cya, crp, and asd mutations of strain 4550 did not jeopardize its properties as a useful vaccine vector. On the contrary, the anti-TGEV C and A epitope antibody responses were significantly higher with the pgtE mutant strain CS4552. This result can be attributed to an increased level of TGEV epitopes in the chimeric fimbriae expressed on the Salmonella after uptake by professional antigen-presenting cells.
One of the concerns of using live bacterial vectors such as Salmonella has been that induction of immunity to the bacterial vector may preclude its subsequent use for other vaccines or for boosting. Our system showed that booster immunization with the same vaccine regimen can enhance both systemic and mucosal immune response against the heterologous antigens delivered by live Salmonella. This was reflected by elevated serum and intestinal anti-987P fimbriae antibody titers for mice immunized twice rather than once. Similar results were previously demonstrated with some antigens (3, 30, 31, 63) , although negative effects of preexisting immunity to Salmonella on the immune response to foreign antigens were also reported (2, 46) . Some of these controversial results can be explained by the use of different genetic backgrounds of Salmonella, intervals for boosting, types of heterologous antigen expressed, and promoters. The results from this study demonstrated that with an appropriate immunization regimen, prior exposure to the pgtE vaccine strain did not interfere with the immune responses to the chimeric fimbriae, indicating that this live attenuated Salmonella strain can be used repeatedly.
In summary, we have demonstrated that a Salmonella cya crp asd pgtE can display intact TGEV epitopes on its surface in the context of multimeric fimbriae. Moreover, this bacterial vector display system was clearly found to elicit anti-TGEV-epitope antibodies, TGEV-neutralizing antibodies being detectable in a significant number of orally immunized animals. A booster immunization with the same vaccine regimens enhanced both the systemic and mucosal immune responses against the heterologous antigen. The systemic and mucosal immune responses to the heterologous antigens delivered by the Salmonella vaccine strains were optimal with the macrophageinducible pagC and spiC promoters, opening new avenues for developing Salmonella vaccines expressing simultaneously different foreign antigens against the same or different pathogens.
